PURPOSE. The purpose of the study was to analyze the shape of the sclera determined by swept-source optical coherence tomography (OCT) and to determine the relationship between the shape and the myopic retinochoroidal lesions.
METHODS.
We studied 488 eyes of 272 patients with high myopia (refractive error ‡À8.00 diopters [D] or axial length >26.5 mm) and 43 emmetropic eyes of 43 controls (refractive error 63 D). An image of the sclera was obtained by a sweptsource OCT prototype instrument that uses a wavelength sweeping laser centered on 1 lm wavelength with an A-scan repetition rate of 100,000 Hz. The scans were 12 mm radial scans centered on the fovea. Seventy eyes were also examined by three-dimensional magnetic resonance imaging (3D MRI) to obtain the contour of the outer surface of the eyes. The main outcome measures, visibility of the entire sclera layer, scleral thickness, scleral contour, and location of the most protruded point of the globe, were obtained by swept-source OCT and 3D MRI.
RESULTS. The entire thickness of the sclera was observed in 278 of 488 (57.0%) highly myopic eyes, but the outer border was not observed in any of the emmetropic eyes. The mean subfoveal scleral thickness was 227.9 6 82.0 lm in the highly myopic eyes. The sclera was thickest at 3000 lm nasal to the fovea. The curvatures of the inner scleral surface of highly myopic eyes could be divided into curvatures that sloped toward the optic nerve, those that were symmetrical and centered on the fovea, those that were asymmetrical, and those that were irregular. Patients with irregular curvature were significantly older and had significantly longer axial lengths than those with other curvatures. Myopic fundus lesions were present significantly more frequently in the eyes with irregular curvature. All of the eyes whose scleral curvature sloped toward the optic nerve had nasally distorted shape in the 3D MRI images, and all eyes with temporally dislocated shape had irregular curvature.
CONCLUSIONS. In vivo evaluations of the sclera in highly myopic eyes by swept-source OCT can provide important information on deformations of the sclera and how such deformities are related to myopic fundus lesions. (Invest Ophthalmol Vis Sci. 2012;53:6046-6061) DOI:10.1167/iovs.12-10161 P athologic myopia is a major cause of visual impairments worldwide. [1] [2] [3] [4] [5] [6] The visual impairments are mainly caused by different types of myopic lesions in the retina and choroid, especially in the macula and optic disc areas. [7] [8] [9] [10] However, what causes the development of these myopic lesions has not been determined, and the lack of this information has made it difficult to design therapy to reduce or prevent the development of these lesions.
To try to determine the mechanism that causes the development of myopic lesions, we analyzed the shape of the external surface of highly myopic eyes by high-resolution three-dimensional magnetic resonance imaging (3D MRI). We found that highly myopic eyes were not simply elongated but had out-pouched areas especially in the posterior pole of the eye. 11 We also found that the visual field defects 7 that were not due to a myopic fundus lesions were present significantly more frequently in eyes with temporally distorted shapes than in eyes with distortions in other areas. 11 In another study on highly myopic eyes, we found that visual field defects were observed significantly more frequently in eyes with type IX staphyloma (classification by Curtin 12 ), which is the type with a ridge-like protrusion temporal to the optic disc. These findings suggested that eye shapes and deformities, especially in the posterior segment of the eye, are most likely related to the development of the myopic lesions.
We thus asked whether the shape of the sclera also was significantly associated with myopic fundus lesions. The sclera forms the principal part of the outer coat of the eye, and it helps maintain a stable ocular dimension and protects the intraocular structures. The properties of the sclera are critical in determining the size and shape of the eye. 13 The sclera consists mainly of type I collagen and is relatively avascular. 13 A histological study showed that highly myopic eyes had thinner sclera particularly at the posterior pole, 14 and the thinning was associated with a narrowing and dissociation of the collagen fiber bundles and a reduction in collagen fibril diameter. 9, 14, 15 Highly myopic eyes also have differences in the biochemical makeup of the sclera, such as alterations of the glycosaminoglycan and collagen content. 16 Unfortunately, these findings were made in postmortem human eyes, 17 although sclera thinning has also been observed in animal models of experimental myopia.
In spite of the importance of the sclera in determining the size and shape of the eye, detailed information on the biometrics of the sclera is limited, and the information published has been mainly obtained from postmortem tissues. Thus, it is difficult to extend these findings to the eye in situ and to determine the relationship of these findings to the development of myopic lesions.
Recent advances in optical coherence tomography (OCT) have enabled investigators to image the tissues deeper than the neural retina such as choroid and sclera. A PubMed search identified only two articles reporting on the appearance of the sclera in the macular area obtained by OCT. 21, 22 In one paper, Imamura et al. 21 reported the use of enhanced-depth imaging OCT (EDI-OCT), and showed that the subfoveal sclera was significantly thicker in highly myopic eyes with a dome-shaped macula (DSM), a protrusion of the macula within a staphyloma, 23 than in highly myopic eyes without a DSM. Maruko et al. 22 measured scleral thickness in the posterior fundus in the images obtained by a prototype swept-source OCT in nine patients with the tilted-disc syndrome (TDS) with a mean axial length of 24.89 6 1.05 mm. They reported that the subfoveal sclera was significantly thicker than the sclera superior and inferior to the fovea. Both of these studies showed that in vivo observations of the sclera of human eyes can be made by OCT.
Swept-source OCT is a relatively new instrument that uses a wavelength-sweeping laser as the light source 24 and has less sensitivity roll-off with tissue depth than conventional spectraldomain OCTs. The current swept-source OCT instruments use a longer central wavelength, generally in the 1 lm range, which has improved their ability to penetrate deeper into tissues than the conventional spectral-domain OCT instruments. With this deeper penetration, evaluations of the choroid and sclera are potentially possible.
Because we are interested in determining the mechanism causing myopic fundus lesions, we have been examining the morphology of the deeper tissues in the macular and peripapillary regions of highly myopic eyes in patients in our High Myopia Clinic by swept-source OCT. [25] [26] [27] [28] We argue that swept-source OCT will provide more detailed images of the choroid and sclera even though the scanned area is smaller and more limited than with MRI. Swept-source OCT has the advantage of enabling the user to analyze the spatial relationship between the morphology of the retina/choroid and the myopic fundus lesions because it can show different eye structures in the same scan. We expected that this information would provide clues to how such deformities can lead to vision-threatening lesions specific to pathologic myopia.
Thus, the purpose of this study was to analyze the morphological features of the sclera in the posterior pole and to analyze the scleral contour in a large number of highly myopic eyes by swept-source OCT. We showed that the entire layer of the sclera was clearly visible in 57% of the highly myopic eyes and that the contour of the sclera can be divided into four distinct patterns. Examinations of the four patterns showed that some were significantly associated with myopic lesions. We also compared the shape of the eye obtained by swept-source OCT to that obtained by 3D MRI. These results showed not only that the shape of highly myopic eyes is distorted but also that the distortions are related to the development of vision-threatening complications in patients with pathologic myopia.
METHODS
The procedures used in this research adhered to the tenets of the Declaration of Helsinki and were approved by the Ethics Committee of Tokyo Medical and Dental University. A written informed consent was obtained from all participants for the original examination procedures.
Two hundred seventy-two consecutive patients with pathologic myopia were evaluated by swept-source OCT from May 6, 2011, to December 9, 2011, in the High Myopia Clinic at Tokyo Medical and Dental University, Tokyo. The definition of pathologic myopia was a refractive error (spherical equivalent) >À8.00 diopters (D) or an axial length >26.5 mm. Forty-three eyes of 43 subjects with refractive errors 63 D were classified as emmetropic and were examined in the same way. All of the emmetropic participants were current or former staff members of our university and all volunteered. Patients whose sweptsource OCT images were of poor quality due to a dense cataract, poor fixation because of macular chorioretinal atrophy, or myopic macular holes were excluded. Patients with a history of vitreoretinal surgery were also excluded because such surgery could affect the scleral contour.
All of the participants had a comprehensive ocular examination including measurements of the refractive error (spherical equivalent), axial length with the IOLMaster (Carl Zeiss Meditec, Dublin, CA), and fundus biomicroscopy. The presence of a posterior staphyloma was determined by stereoscopic fundus examinations.
Swept-Source OCT
All the eyes were examined by a prototype swept-source OCT instrument manufactured by Topcon Corporation (Tokyo, Japan). This OCT system has an A-scan repetition rate of 100,000 Hz, and its light source is a wavelength-sweeping laser centered at 1050 nm with an approximate 100 nm bandwidth, although the effective bandwidth was approximately 60 nm because of water absorption. The axial resolution was calculated to be 8 lm in tissue with a lateral resolution of 20 lm. The imaging depth was 2.6 mm in tissue, and the lateral scan length was adjustable. For our scanning protocol, 12 mm scans along 12 meridians centered on the fovea were performed. A single image was made up of 1024 A-line scans acquired in 10 ms. Typically, 32 B-scan images were recorded and averaged by postprocessing to yield a despeckled high-quality B-scan image.
The central retinal thickness was measured with the caliper function of the built-in software of the OCT. The scleral thickness was measured at the fovea and at four different areas: 3 mm superiorly, inferiorly, temporally, and nasally to the fovea. These measurements were made by one masked author (MM). Because the choroid was too thin to be measured in many highly myopic eyes, the number of eyes whose choroid was too thin to be measured was counted instead.
The contour of inner scleral surface, the chorioretinal interface, was outlined manually in each eye, and the eyes were classified according to their contour. In some eyes with pathologic myopia, the peak of the curvature of the posterior segment did not correspond to the center of the fovea. In these eyes, the most posteriorly protruded point in the fundus was identified. The most protruded part was identified in each of 12 radial scans centered on the central fovea, and the depth of the most protruded part from the foveal plane was measured in each scan (Fig. 1A) . Then the scan that included the most protruded part was determined. The distance of the most protruded point from the fovea as well as the depth of the most protruded point from the foveal plane was measured with the caliper function of the built-in software of the OCT by one masked author (MM). For the distribution of the most protruded point, we combined the superior, superior-temporal, and superior-nasal findings and called this segment the upper quadrant, and we also combined the lower, temporal-lower, and nasal-lower findings and called this segment the lower quadrant (Fig. 1B) .
Analysis of Eye Shape by High-Resolution 3D MRI
We recently reported that it was possible to obtain a complete topographic image of human eyes by high-resolution 3D MRI. 11 We compared the contour of the inner scleral surface seen in the OCT images and the shape of the outer surface of the eye obtained by 3D MRI. We have developed software to analyze the human eye shape obtained by 3D MRI, and we used this software to automatically analyze the degree of symmetry of the posterior eye segment in the horizontal and sagittal planes. We also determined the pointedness or bluntness of the posterior pole of the eye (Fig. 2) . Briefly, the view of the eyes from six points, namely the front, back, superior, inferior, nasal, and temporal, was incorporated into the software of the 3D MRI. Then, a central axis line passing through the geometric center of the eye was automatically drawn. The point of intersection of the central axis and the posterior margin of the eye was defined as the basal point (P b ). Then, a point on the central axis 87 pixels, approximately 12.5 mm, anterior to the P b was defined as the point of origin (P o ) of the measurements; the purpose was to avoid the influence of axial length on the location of P o .
Next, P o was rotated 22.58 nasally in the horizontal plane, and a line was drawn posteriorly. Where the line intersected the margin of the eye was called P n . Similarly, P o was rotated 22.58 temporally in the horizontal plane, and where the line from P o intersected the margin of the eye was called P t . In the sagittal plane, P o was rotated either inferiorly or superiorly, and where lines intersected margin of the eye was called P i or P s , respectively. The area of the segment formed by P o , P b , and P n was defined as S n ; the area of the segment formed by P o , P b , and P t was defined as S t ; the area formed by P o , P b , and P i was defined as S i ; and the area formed by P o , P b , and P s was defined as S s . The degree of symmetry in the horizontal plane was expressed by the ratio of S n and S t , and the degree of symmetry in the sagittal plane was expressed by the ratio of S i and S s . The posterior surfaces with ratios between 90 and 110 were classified as symmetrical.
For the sharpness of the posterior surface, the angle formed by P n , P b , and P t was defined as the posterior sharpness angle. The shape of the posterior segments of the globe was defined as ''pointed'' when this angle was 1508, and the shape of posterior segment of the eye was defined as ''dull'' when this angle was >1508.
Statistical Analyses
The patients' age, refractive error, axial length, central retinal thickness, and scleral thickness were compared between eyes whose entire scleral layer was visible and those whose entire scleral layer was not visible in the OCT images by Welch's t-tests and Student's t-tests. The number of eyes whose choroid was too thin to be measured and the prevalence of a posterior staphyloma were compared between . Then, the point on the central axis 87 pixels away from P b was defined as the measurement point of origin (P o ). Next, the point that was rotated 22.58 nasally (P n ) or temporally (P t ) was determined. The area of the arc surrounded by P o , P b , and P n was defined as S n ; the area of the arc surrounded by P o , P b , and P t was defined as S t ; the area of the arc surrounded by P o , P b , and P i was defined as S i ; and the area of the arc surrounded by P o , P b , and P s was defined as S s . The horizontal symmetry is given by the ratio of S n and S t . (B) The sagittal symmetry was determined by the nasal view of the 3D MRI image. P b and P o were determined as described for (A). The point that was rotated 22.58 superiorly (P s ) or inferiorly (P i ) was determined. The area of the arc surrounded by P o , P b , and P i was defined as S i , and the area of the arc surrounded by P o , P b , and P s was defined as S s . The sagittal symmetry is given by the ratio of S i and S s . (C) The angle <P n -P b -P t was defined as the posterior sharpness. groups using Fisher's exact probability tests or v 2 tests. The clinical characteristics of eyes with the four distinct patterns of curvature of the posterior fundus were analyzed using one-factor analysis of variance (ANOVA). The correlation between the subfoveal scleral thickness and the patient's age and axial length was analyzed using Pearson tests for rank correlation coefficients. For bilaterally affected eyes, one eye was randomly selected using random number tables for statistical analyses. A P value < 0.05 was considered statistically significant.
RESULTS
Five hundred forty-four eyes of 272 consecutive patients were examined in our High Myopia Clinic, and these patients also underwent swept-source OCT. Of these 544 eyes, 56 eyes were excluded because of poor fixation during the OCT examination due to large macular atrophy (35 eyes), low-quality OCT images due to dense cataracts (5 eyes), or history of vitreoretinal surgery (6 eyes). The remaining 10 eyes were excluded because these eyes were not highly myopic in these patients with unilateral high myopia. In the end, 488 eyes of 272 highly myopic patients were studied; their demographics are shown in Table 1 . A posterior staphyloma was present in 412 eyes (84.4%) and was absent in 76 eyes (15.6%).
Swept-Source OCT Findings for Sclera in Eyes with Pathologic Myopia
The sclera was observed as a relatively uniform hyperreflective structure exterior to the thin choroid in the swept-source OCT images (Fig. 3 ). We were also able to observe the retrobulbar orbital fat beyond the sclera in eyes with pathological myopia. A close observation of the deeper tissues showed a relatively hyporeflective layer outlining the sclera (Fig. 3 ). This hyporeflective layer was in close contact with the outer surface of the sclera and appeared to break up into smaller bundles and blend into the orbital fat tissue posteriorly (Figs. 3E, 3F). The hyporeflective layer was considered to be the episclera and Tenon's capsule. 13 In some scans, cross sections of episcleral blood vessels were observed posterior to the sclera (Fig. 3E ).
Factors Significantly Correlated with Visibility of Entire Sclera
To be able to measure the sclera thickness, it was necessary to determine whether the entire sclera was visible in the sweptsource OCT images. Our findings showed that the entire scleral layer was observed in all 12 radial scans in 278 of 488 eyes (57.0%) and not observed in any of the 12 radial scans in 180 of 488 eyes (36.9%). A DSM, a convex elevation of the macula that differed from a surrounding staphyloma, 21, 23 was observed in 93 of 488 eyes. In 32 of these 93 eyes, the entire scleral layer was visible in all 12 radial scans; in the other 31 eyes, the outer border of the sclera was visible in none of the scans. In the remaining 30 eyes, the sclera in the macular area was too thick to allow a view of the outer border of the sclera due to the DSM, although the entire scleral layer was visible in areas outside the DSM area.
The clinical characteristics of the 278 eyes of 175 patients whose entire scleral layer was visible in all 12 radial scans, as well as those of the 180 eyes of 114 patients whose outer scleral border was not visible in any of the 12 radial scans, are shown in Table 2 . In 17 patients, the entire scleral layer was visible in one eye but not visible in the fellow eye. The patients whose entire scleral layer was visible were significantly older, were significantly more myopic, and had significantly longer axial lengths than those whose entire scleral layer was not visible ( Table 2) .
A posterior staphyloma was present in all 278 eyes whose entire scleral layer was visible, whereas a staphyloma was found in 57.8% of the 180 eyes whose entire scleral layer was not visible (P < 0.05, Fisher's exact probability tests).
Sixty-five of 278 eyes whose entire scleral layer was visible were excluded from the central retinal thickness measurements: 44 eyes due to macular retinoschisis, 2 eyes due to macular holes, 4 eyes due to macular atrophy, and 15 eyes due to myopic choroidal neovascularization (CNV). Similarly, 15 of 180 eyes whose entire scleral layer was not visible were excluded from the measurements of central retinal thickness: 8 eyes due to macular retinoschisis, 1 eye due to macular atrophy, and 6 eyes due to myopic CNV. In the end, the central retinal thickness was compared between 213 of 278 eyes whose entire scleral layer was visible and 165 of 180 eyes whose entire scleral layer was not visible.
The results showed that the central retina in the eyes whose entire scleral layer was visible was significantly thinner than in those whose entire scleral layer was not visible (Table 2 ). There was a significant negative correlation between central retinal thickness and axial length (r ¼ À0.19, P ¼ 0.0007, Pearson's correlation coefficient test), while the correlation was not significant between central retinal thickness and the age of the patient.
In many eyes with pathologic myopia, the subfoveal choroidal thickness was too thin to measure. Thus, we counted the number of eyes whose subfoveal choroid was too thin and compared the frequencies between the eyes where the entire sclera layer was visible and those in which the entire sclera layer was not visible. This measurement was made by one masked author (MM). The subfoveal choroid was too thin to be measured in 239 of 278 eyes (86.0%) whose entire layer of sclera was visible; this was the case significantly more frequently than in the eyes whose entire scleral layer was not visible (29 of 151 eyes [16.1%]) (P ¼ 1.5 3 10 À48 , v 2 tests).
Scleral Thickness in Different Regions of Posterior Pole in Highly Myopic Eyes
We measured the scleral thickness in different regions of highly myopic eyes whose entire scleral layer was visible in all 12 meridians in the OCT images. We excluded 32 of 278 eyes with a DSM. Thus, 246 eyes were analyzed, and the mean subfoveal scleral thickness was 227.9 6 82.0 lm, with a range of 80 to 546 lm in these eyes. The subfoveal scleral thickness was significantly correlated with the axial length (r ¼ À0.35, P ¼ 2.8 3 10 À7 , Pearson tests for rank correlation coefficients), but the subfoveal scleral thickness was not significantly correlated with the age of the patient.
Scleral thickness was also measured in the 246 eyes at 3 mm temporal, superior, and inferior to the fovea. The scleral thickness was not measured at 3 mm nasal to the central fovea in 29 eyes because of the presence of a scleral ridge temporal to the optic disc due to type IX staphyloma. 12, 29 The mean scleral thickness was 190.7 6 71.6 lm with a range of 65 to 488 lm at 3 mm superior to the central fovea, 182.7 6 70.2 lm with a range of 53 to 414 lm inferior, 181.8 6 75.1 lm with a range of 45 to 453 lm temporal, and 252.8 6 90.8 lm with a range of 74 to 513 lm nasal to the fovea. Statistical analyses showed that subfoveal scleral thickness was significantly greater than that at 3 mm temporal to the fovea, than that at 3 mm upper to the fovea, and than that at 3 mm lower to the fovea (P < 0.001, paired t-tests). The subfoveal scleral thickness was significantly less than that at 3 mm nasal to the fovea (P < 0.001, paired t-tests). In fact, the sclera at 3 mm nasal to the central fovea was significantly thicker than that at the subfoveal, temporal, superior, and inferior regions (P < 0.001, paired t-tests). The scleral thickness was not significantly different between the temporal area and the area superior to the fovea, between the temporal area and the area inferior to the fovea, or between the areas superior and inferior to the fovea. When all these findings are combined, the sclera was thickest in the area nasal to the central fovea, followed by the subfoveal area, and then by the areas temporal, superior, and inferior to the fovea.
Four Different Types of Curvature of Inner Scleral Surface of Highly Myopic Eyes
In emmetropic eyes, the curvature of Bruch's membrane was not similar to the curvature of the inner scleral surface mainly because the choroid was thick and the choroidal thickness affected the scleral curvature. The curvature of the retinal pigment epithelium (RPE) and Bruch's membrane in emmetropic eyes had two patterns; the contour was straight and sloped toward the optic disc (Figs. 4A, 4B) or had a roughly symmetrical curvature centered on the fovea (Figs. 4C, 4D ). Despite the different patterns of curvature of the RPE and Bruch's membrane, the curvature of the inner scleral surface was always symmetrical and mainly centered on the fovea. Analysis of the contour of the inner scleral surface of 93 eyes of 75 patients with DSM and 28 eyes of 21 patients with TDS was not performed. We defined a TDS as a condition in which the upper part of the optic disc protruded anteriorly and the lower part of the optic disc sloped posteriorly in the stereoscopic fundus photographs.
In the end, the contour of the inner sclera of 367 of 488 highly myopic eyes was analyzed. The contour of the inner scleral surface had four distinct patterns (Figs. 4E-H; Table  3 ). The number of patients whose two eyes had different patterns was 45. The first pattern was one in which the curvature sloped toward the optic disc and the optic disc was at the bottom of the curvature (Fig. 4E) . This pattern was observed in 44 of 367 eyes (12.0%) and was generally seen more clearly in horizontal than in vertical scans. In the second pattern, the curvature of the inner scleral surface was symmetrically centered on the fovea, and the fovea was situated in the center and at the bottom of the curvature (Fig. 4F) . This pattern appeared to be similar to the second pattern seen in emmetropic eyes; however, the curvature appeared to be sharper than that in emmetropic controls. This type was observed in 98 of 367 eyes (26.7%). The third pattern was that in which the contour of the inner scleral surface was curved posteriorly with the curvature asymmetrical around the central fovea. The fovea was not situated at the bottom of the curvature but on the slope of the wall (Fig. 4G) . This pattern was observed in 105 of 367 eyes (28.6%). The final pattern was the type in which the contour of the inner scleral surface was irregular and did not form a smooth circular arc (Figs. 4H, 5) . In extreme cases, the curvature of the posterior eye segment was totally irregular (Fig. 5E) . This was the most frequent pattern in eyes with pathologic myopia, one that we observed in 120 of 367 eyes (32.7%). The first pattern was significantly less frequently observed than any other pattern (P < 0.05, v 2 tests), but the differences in the incidences of the other three patterns were not significant.
Association of Clinical Characteristics of Highly Myopic Eyes with Different Types of Curvature of Posterior Segment of Eye
The clinical characteristics of highly myopic eyes with the four distinct patterns of curvature of the posterior fundus are shown in Table 3 . Statistical analyses showed that the patients with irregular curvature were significantly older, significantly more myopic, and had significantly longer axial lengths than those who showed the other patterns (P < 0.0001, one-factor ANOVA).
A total of 66 of 367 eyes were excluded from the measurements of the central retinal thickness: 45 eyes due to myopic traction maculopathy (MTM), 18 eyes due to myopic CNV, 1 eye due to macular atrophy, and 2 eyes due to macular holes. In the end, the central retinal thickness was measured in 301 of 367 eyes. The central retina was significantly thinner in eyes with irregular curvature than in eyes with any other pattern (P < 0.0001, one-factor ANOVA).
The subfoveal scleral thickness was measurable in 13 of 44 eyes (29.5%) with a curve that sloped toward the optic disc, in 55 of 98 eyes (56.1%) with symmetrical curvature, in 58 of 105 eyes (55.2%) with asymmetrical curvature, and in 113 of 120 eyes (94.2%) with irregular curvature. The subfoveal sclera was thinnest in the eyes with irregular curvature, followed by the eyes with symmetrical curvature, those with asymmetrical curvature, and those with curvature toward the optic disc. A statistical comparison of the subfoveal scleral thickness among the groups was not performed because it was not possible to measure the subfoveal scleral thickness in 130 of the eyes.
The subfoveal choroid was too thin to be measured in 45 of 98 eyes (45.9%) with symmetrical curvature, in 55 of 105 eyes (52.4%) with asymmetrical curvature, in 11 of 44 eyes (25.0%) with curvature sloping toward the optic disc, and in all 120 eyes with irregular curvature. Statistical analyses showed that the number of eyes whose choroid was too thin to be measured was significantly greater among eyes with irregular curvature than in any other group (P < 0.0001, v 2 tests). Also, the number of eyes whose choroid was too thin to be measured was significantly lower among eyes with curvature sloping toward the optic disc than in any other group (P < 0.0001, v 2 tests).
Correlation between Curvature of Inner Scleral Surface and Myopic Fundus Lesions
In 367 of 488 highly myopic eyes in which the contour of the inner sclera was analyzed, the prevalence of a posterior staphyloma, MTM, myopic chorioretinal atrophy, and myopic CNV was 90.7% (333 eyes), 49.9% (183 eyes), 31.6% (116 eyes), and 15.3% (56 eyes), respectively. A posterior staphyloma was found in all 105 eyes with an asymmetrical curvature and in all 120 eyes with an irregular curvature ( Table 3) . These numbers were significantly higher than in eyes with symmetric curvature or with curvature sloping toward the optic disc (P < 0.001, Fisher's exact probability tests). On the other hand, a staphyloma was present in 26 of 44 eyes (59.0%) whose curvature slopped toward the optic disc, which was significantly fewer than in other groups (P < 0.05, Fisher's exact probability tests). Chorioretinal atrophy, patchy atrophy or macular atrophy, and myopic CNVs were observed significantly more frequently in eyes with irregular curvature than in any other group (P < 0.0001 and P ¼ 0.004, respectively, v 2 tests, Table 3 ). MTM was observed most frequently in eyes with irregular curvature, followed by those with asymmetrical curvature, those with symmetrical curvature, and those with a curvature that sloped toward the optic disc.
Determination of Location of Most Protruded Part of Highly Myopic Eyes with Asymmetric or Irregular Curvature
In eyes with symmetrical curvature, the central fovea sat at the bottom of the curvature of posterior segments of the eye. In eyes where the curvature sloped toward the optic disc, the optic disc was also at the bottom of the curvature.
We were able to determine the location of the most protruded part in the posterior segment in 105 eyes with asymmetric curvature and 120 eyes with irregular curvature (see Supplementary Material and Supplementary Table S1 , http://www.iovs.org/lookup/suppl/doi:10.1167/iovs. 12-10161/-/DcSupplemental). The most protruded point existed somewhere other than in the central fovea or optic disc in the eyes with an asymmetric curvature; the location of the most protruded part was not consistent in the eyes with irregular curvature. For our analyses, we combined the superior, temporal superior, and nasal superior into one group called the ''upper'' and combined the inferior, temporal inferior, and nasal inferior into one group called the ''lower'' (Fig. 1B) . Our analyses showed that the lower area was the most protruded part both in eyes with asymmetric curve and in eyes with irregular curve (85.7% and 58.3%, respectively). In 85.7% of the eyes with asymmetric curvature, the most protruded part existed inferior to the fovea (see Supplementary Material and Supplementary Table S1 , http://www.iovs. o r g / l o o k u p / s u p p l / d o i : 1 0 . 1 1 6 7 / i o v s . 1 2 -1 0 1 6 1 / -/ DcSupplemental). On the other hand, the most protruded part existed in the central fovea in 28.4% of the eyes with irregular curvature. The curvature was too irregular to allow identification of the most protruded part in five eyes, and three of these eyes had macular intrachoroidal cavitation (ICC) 25 and were excluded from the analyses.
A summary of the relationship between the location of the most protruded point and the curvature of the sclera is presented in Supplementary Table S2 (see Supplementary  Material and Supplementary Table S2 , http://www.iovs.org/ lookup/suppl/doi:10.1167/iovs.12-10161/-/DcSupplemental).
Distance and Depth of Most Protruded Part in Posterior Fundus Away from Central Fovea
The most protruded point existed away from the central fovea in all 103 eyes with asymmetrical curvature (after 2 eyes with macular ICC were excluded from the 105 eyes) and in 81 of 114 eyes with irregular curvature (after 1 eye with macular ICC and 2 eyes whose curve was too irregular for identification of the most protruded point were excluded) (see Supplementary  Material and Supplementary Tables S1 and S2 , http://www. iovs.org/lookup/suppl/doi:10.1167/iovs.12-10161/-/ DcSupplemental). In these 184 eyes, the average distance between the most protruded part and the central fovea was 2020.1 6 632.1 lm (772-4153 lm) . The average depth of the most protruded point from the foveal plane was 251.2 6 164.3 lm (51-978 lm). The average distance of the most protruded point from the central fovea was 2092.6 6 675.9 lm (846-4153 lm) in the eyes with asymmetrical curvature and 1847.8 6 565.7 lm (901-3480 lm) in eyes with irregular curvature. The most protruded point in the eyes with asymmetric curve was situated farther away from the fovea than in the eyes with Figure 6 .
Twenty-eight highly myopic eyes with TDS were examined by swept-source OCT. To determine the difference in the curvature of the posterior segment of highly myopic eyes with and without TDS, we compared the location and depth of the most protruded part between these two groups. The clinical characteristics of the patients with TDS are shown in Supplementary Table S3 (see Supplementary Material and  Supplementary Table S3 http://www.iovs.org/lookup/suppl/ doi:10.1167/iovs.12-10161/-/DcSupplemental).
Among the 28 eyes with TDS, the most protruded part existed inferior to the central fovea in 21 eyes (75.0%), temporally inferior to the fovea in 4 eyes (14.3%), and nasally inferior in 3 eyes (10.7%). In the 28 eyes with TDS, the average distance of the most protruded point from the central fovea was 2992.5 6 830.7 lm (1956-4591 lm), and the average depth of the most protruded point from the foveal plane was 673.5 6 263.7 lm (314-1292 lm). Statistical analyses showed that the most protruded point was significantly more distant from the central fovea in the highly myopic eyes with TDS than in those without TDS (P < 0.0001, Mann-Whitney U tests). In addition, the depth of the most protruded point from the foveal plane was significantly greater in the eyes with TDS than in those without (P < 0.0001, Mann-Whitney U tests).
Scleral Thickness of Most Protruded Part Away from Central Fovea
The average scleral thickness at the most protruded part of the posterior segment was 155.8 6 55.8 lm (52-303 lm) in all 184 eyes whose most protruded point was outside the central fovea. In eyes with asymmetric curvature, the average scleral thickness at the most protruded part was 185.2 6 55.9 lm (96-303 lm); and in eyes with irregular curvature, it was 130.8 6 40.0 lm (52-243 lm). Statistical analyses showed that the scleral thickness at the most protruded point was significantly less in eyes with irregular curvature than in those with asymmetric curvature (P < 0.0001, Welch's t-tests).
We then compared the scleral thickness at the most protruded part and the thickness at other areas. In the eyes with asymmetric curvature, the scleral thickness at the most protruded part was significantly less than the subfoveal scleral thickness and that nasal to the fovea (P < 0.05, Dunn's multiple comparison test). However, the differences between the thickness at the most protruded part and that temporal to the fovea or that inferior to the fovea were not significant. In the eyes with irregular curvature, the scleral thickness at the most protruded part was significantly less than the thickness of the subfoveal sclera, that nasal to the fovea, and that superior to the fovea (P < 0.05, Dunn's multiple comparison test). However, the differences in the thickness between the most protruded part and that temporal to the fovea or between the most protruded part and that inferior to the fovea were not significant.
Correlation between Shape of Globe Determined by 3D MRI and Contour of Inner Scleral Surface Determined by OCT
Forty-three patients (70 eyes) agreed to undergo a 3D MRI examination according to the protocol we reported previously. 11 Written informed consent was obtained from each patient for the 3D MRI examination. The results are summarized in Table 4 . The degree of symmetry of the posterior eye segment in the horizontal and sagittal planes, as well as the pointedness of the posterior pole of the eye, was analyzed in the 3D MRIs (Fig. 2) . Although statistical analyses were not performed due to the limited number of FIGURE 6 . Topographic map of the distribution of the most protruded point relative to the location of central fovea in eyes with asymmetric or irregular scleral curvature. The most protruded part was identified in each of 12 radial scans centered on the central fovea, and the depth of the most protruded part from the foveal plane was measured in each scan. Then, the scan that included the most protruded part whose depth from the foveal plane was the greatest was determined. The distance of the most protruded point from the fovea was measured with the caliper function of the built-in software of swept-source OCT. The center of this graph is the central fovea. The distribution of the most protruded point is expressed on each meridian centered on the fovea according to its orientation and distance from the fovea. The red bar means that the eye belongs to the asymmetrical curvature group; the blue bar means that the eye belongs to the irregular curvature group. Each square shows 500 lm in distance.
eyes analyzed by 3D MRI, there was some tendency for the shape as determined by 3D MRI to fall into the four distinct patterns of curve of the inner scleral surface. Among the eyes with scleral curvature inclined toward the optic disc, all were not horizontally symmetrical and all were the nasally distorted type. Among the eyes with symmetrical curvature, all were horizontally symmetrical and 75% were sagittally symmetrical as well. Among eyes with asymmetric curvature, horizontal symmetry was found in 87.5%; however, the number of eyes with sagittal symmetry decreased to 45.8%, and 58.3% of the eyes had the inferiorly distorted shape. Among eyes with irregular curvature, horizontal symmetry was observed in 64.0%, and the temporally distorted type was identified only in this group.
Regarding the sharpness of the posterior segment of the eyes, the pointed shape was observed significantly more frequently (75.0%) in eyes with irregular curvature whereas the dull shape was always dominant in the other three groups. Representative cases with the four different types of curvatures of the inner scleral surface are shown in Figures 7 through 10.
DISCUSSION
Examinations of highly myopic eyes by swept-source OCT showed that the entire layer of the sclera appeared as a uniform hyperreflective structure. The outer boundary of the sclera was clearly seen in 57% of 488 highly myopic eyes. In some cases, even Tenon's capsule and the episclera, which is composed of irregularly arranged collagen fibers, 30 were observed outside the sclera. The swept-source OCT images clearly showed that the connective tissue fibers of Tenon's capsule spread and blended into the orbital fat posteriorly. Statistical analyses showed that many factors, for example age, axial length, staphyloma, central retinal thickness, and thinness of the choroid, were significantly correlated with the visibility of the entire scleral layer. Multiple regression analyses were not performed because the objective variable, the visibility of entire layer of sclera, was not a continuous variable. Thus, we could not determine which factors affected the visibility of the outer border of the sclera most significantly. In addition, it is possible that some of these factors might be correlated with each other as reported in part by Fujiwara et al., 31 who found a significant correlation between macular choroidal thickness and age and refractive error. It is likely that an increase in age and axial length causes a decrease in thickness of the retina and choroid in the area of a posterior staphyloma, and this could affect the visibility of entire scleral layer.
Our results showed that the average subfoveal scleral thickness in 278 highly myopic eyes without a DSM was 228 lm. Curtin 14 used histological studies to show that the scleral thickness at the posterior pole of normal eyes with axial lengths between 22 and 24 mm was 660 lm, whereas it was 233 lm in myopic eyes with an axial length of 27.8 mm. A PubMed search identified only one article whose authors had measured the scleral thickness in highly myopic eyes. 21 Imamura et al. 21 used EDI-OCT to show that the mean subfoveal scleral thickness in 25 highly myopic eyes without a DSM and a mean refractive error of À11.7 6 5.5 D was 281 6 85 lm. The values measured histologically 9 and by EDI-OCT 21 are comparable to the values we found.
The measurement of scleral thickness in different areas showed that the sclera was thickest 3000 lm nasal to the central fovea, followed by the subfoveal area and then by the areas temporal, superior, and inferior to the fovea. In 29 eyes with type IX staphyloma, the sclera 3000 lm nasal to the fovea was too thick to measure because of the scleral ridge that is characteristic of type IX staphyloma.
12,29 Imamura et al. 21 reported that the average scleral thickness 3000 lm temporal to the fovea was 320 lm in highly myopic eyes without DSM; this was greater than the subfoveal scleral thickness (281 lm) in the same patients. The reason for the discrepancy between their results and ours was not determined; however, one possibility might be that we studied more severely myopic eyes with irregular curvature of sclera. Our results suggested the possibility that in highly myopic eyes without evidence of DSM, the subfoveal sclera is thicker than the sclera temporal, inferior, and superior to the fovea. This needs to be confirmed in a larger population including persons with less myopic eyes. While the curvature of the RPE and Bruch's membrane had two distinct patterns in emmetropic eyes (Figs. 4A-D) , the curvature of the inner scleral surface was consistently symmetrical around the central fovea. On the other hand, the curvature of the inner scleral surface was almost identical to that of the RPE and Bruch's membrane in highly myopic eyes, mainly due to a very thin choroid situated between Bruch's membrane and the sclera.
In highly myopic eyes, the curvature of the inner scleral surface in the posterior segment of the eye had four distinct patterns: symmetrical around the central fovea, sloping toward the optic disc, asymmetrical around the fovea, and irregular curvature. The first two patterns appeared to be similar to the contour of the RPE and Bruch's membrane in emmetropic eyes, although the degree of curvature was greater in the highly myopic eyes. These findings suggested the possibility that the symmetrical shape around the fovea and sloping toward the optic disc might be an exaggerated form of the normal curvature of the RPE and Bruch's membrane seen in emmetropic eyes. In highly myopic eyes with very thin choroid, the scleral curvature was almost identical to the RPE curve. We suggest that when an eye elongates without forming a staphyloma, the patterns may be the same as seen in emmetropic eyes but more exaggerated in highly myopic eyes.
On the other hand, the asymmetrical and irregular patterns were observed only in highly myopic eyes. In the eyes with asymmetrical curvature around the central fovea, the most protruded point was almost always present inferiorly, including temporally inferior and nasally inferior to the fovea (see Supplementary Material and Supplementary Table S1 , http:// www.iovs.org/lookup/suppl/doi:10.1167/iovs.12-10161/-/ DcSupplemental; Fig. 6 ). The fovea in these eyes was located on the superior slope of the curvature. All of the eyes with asymmetrical curvature had a staphyloma that was seen significantly more frequently than in eyes with symmetrical curvature or curvature sloping toward the optic disc. We have reported that the most protruded part of the eye existed along the visual axis in 78% of the highly myopic eyes, and inferior to the central axis in 22% of the eyes in the 3D MRI images. 11 These findings indicate that the inferior sclera expands more in highly myopic eyes. The sclera in the lower half of the eye is the area where the embryonic ocular fissure closes, and thus it might be possible that this part of the sclera is structurally weaker than the other areas. This also suggests some similarities between pathologic myopia and TDS, although the posterior bulge existed more peripherally in the inferior fundus and the degree of bulge was greater in eyes with TDS than in highly myopic eyes without evidence of the TDS. During the development of a staphyloma, the greater expansion of the inferior sclera compared to other parts of the sclera might cause a shift of the most protruded part from the subfovea to the inferior fundus, and in turn the fovea might be shifted onto the upper slope of the sclera (Fig. 11) .
In the eyes with irregular curvature of the sclera, the most protruded point existed in the fovea in 28% and in the inferior fundus in 58% of the eyes (see Supplementary Material and FIGURE 11. Schematic illustration of our hypothesis on how eye deformities in the horizontal plane progress in pathologic myopia, based on 3D MRI image and the results obtained by swept-source OCT. Top row: Emmetropic eyes. There are two different curvature patterns of the RPE and Bruch's membrane (shown as blue line) in emmetropic eyes: straight sloping of the sclera toward the optic nerve and mildly bowed centered on the fovea. However, the curvature of the inner scleral surface (red line) is mildly bowed posteriorly and always symmetrical around the fovea. This is due to the thick choroid affecting the curvature of the inner scleral surface in emmetropic eyes. Middle row, left: Symmetrically elongated highly myopic eye. When the eye elongates around the fovea, the symmetric curve of sclera seen in emmetropic eyes is exaggerated. The central fovea is on the most protruded point of the sclera. Middle row, right: Nasally dislocated eye in high myopia. When the eye elongated toward the optic nerve, the curvature of the inner scleral surface had an exaggeration of the RPE and Bruch's membrane slope as seen in the top row, right figure. The curvature of the inner scleral surface is almost straight and sloped toward the optic nerve. Bottom row: Temporally dislocated eye in high myopia. When the sclera thins and expands further in extremely myopic eyes, the very thin sclera can no longer maintain the curvature, and an irregular curvature results as seen in the OCT image. The area temporal to the central fovea appears to expand more and shows a temporally dislocated type by 3D MRI of the globe. The curvature of the inner scleral surface is shown as a red line, and the central fovea is shown by an arrowhead in each image. ON, optic nerve; SAS, subarachnoid space.
Supplementary Table S1 , http://www.iovs.org/lookup/suppl/ doi:10.1167/iovs.12-10161/-/DcSupplemental; Fig. 6 ). The patients whose eyes had an irregular curvature were significantly older; and their eyes were more myopic, had longer axial lengths, and had thinner central retinal thickness than any of the other types (Table 3) . Also, the subfoveal sclera was significantly thinner, as thin as 189 lm, in the eyes with irregular curvature compared to other groups.
The myopic fundus lesions, for example, chorioretinal atrophy, CNV, and MTM, were observed significantly more frequently in eyes with irregular curvature than in those with any other type of scleral curvature. We suggest that when the sclera is stretched and becomes extremely thin, it can no longer maintain its normal curvature, and this would contribute to the development of myopic fundus lesions. Thus, irregular curvature might be the most severe and advanced form of pathologic myopia.
Finally, we compared the shape of the eye determined by 3D MRI and the contour of the inner scleral surface determined by OCT (Table 4 , Figs. 7-10) . The results showed that all the eyes with a curvature sloping toward the optic disc by OCT were nasally distorted as evidenced by MRI according to our definition 11 (Table 4 , Fig. 7 ). Seventy-five percent of the eyes with symmetrical curvature by OCT were also symmetrical horizontally and sagittally in the MRI images (Table 4 , Fig. 8 ).
Horizontal symmetry was less frequent in eyes with irregular curvature (Table 4) , and the temporally distorted type was observed only in eyes with irregular curvature. We have reported that significant visual field defects 7 not explained by myopic fundus lesions were observed significantly more frequently in temporally distorted eyes than in other types (nasally distorted, cylinder, or barrel type). 11 Also, among eyes with irregular curvature, those with a pointed posterior pole were observed more frequently than those with the dull shape. We recently found that the posterior pole of highly myopic eyes becomes more pointed as patients age (unpublished data).
Probably the development and increase in depth of the staphylomas are the cause for the increased pointedness.
When the results of 3D MRI analyses and OCT findings are combined, the temporally dislocated types might represent a condition in which the sclera is extremely thinned and becomes irregular in contour at an advanced stage of pathologic myopia with a deep staphyloma. In fact, 46% of the eyes with asymmetrical curvature were judged to be symmetrical in both the horizontal and sagittal planes by 3D MRI. These findings suggest a possibility that swept-source OCT might be able to detect more minute and subtle deformities of the posterior segments of the eye than MRI, although the scanned area is limited. It would be the best to use both sweptsource OCT and 3D MRI to analyze the shape of the globe.
Schematic illustrations of our hypothesis on how the eye deformities progress in pathologic myopia, based on the 3D MRI findings in our earlier study 11 and the swept-source OCT results in this study, are shown in Figures 11 and 12 . Despite the two different curvatures of the RPE and Bruch's membrane in emmetropic eyes, the curvature of the inner scleral surface was mildly bowed posteriorly and consistently symmetrical around the fovea (Fig. 12, top row) . When the eye simply elongates around the fovea or elongates toward the optic nerve, the curvature of the inner scleral surface as well as the curvature of Bruch's membrane in highly myopic eyes had an exaggeration of the patterns of the RPE and Bruch's membrane curvature seen in emmetropic eyes (Fig. 12, middle row) .
When a posterior staphyloma develops in later life, the posterior sclera is expanded in a nonuniform fashion, and the lower sclera tends to expand more than other parts of the sclera (Fig. 11, right) . This causes a shift of the most protruded point from the subfovea to the inferior fundus, and the fovea tends to move onto the superior slope. When the sclera thins and expands further in extremely myopic eyes, the very thin sclera can no longer maintain the curvature, and this results in FIGURE 12 . Schematic illustrations of our hypothesis on how eye deformities in the sagittal plane progress in pathologic myopia based on 3D MRI images and the images of swept-source OCT vertical scans. Left: Emmetropic eye. The globe is spherical by 3D MRI, and the vertical OCT scan shows that the curvature of the inner scleral surface is mildly bowed and symmetrical around the central fovea. Middle: Symmetrically elongated highly myopic eye. When the eye simply elongates along the central axis, the symmetrical curvature of the sclera seen in emmetropic eyes is exaggerated. The scleral curvature is bowed more posteriorly, and the central fovea is on the most protruded point of the sclera. Right: Inferiorly distorted eye with high myopia. When a posterior staphyloma develops in later life, the posterior sclera is expanded nonuniformly, and the lower sclera tends to be expanded more than other parts of the sclera. This causes a shift of the most protruded point from the subfovea to the lower fundus, and the fovea tends to move onto the upper slope. The curvature of the inner scleral surface is shown as a red line, and the central fovea is shown by an arrowhead in each image.
an irregular curvature (Fig. 12, bottom row) . A long-term study on the course of deformation of eyes with pathologic myopia is necessary to support our hypothesis.
There are several limitations to this study. The study was conducted in the High Myopia Clinic at our university. Thus, the results might not reflect the tendency in the general myopic population. Also, 3D MRI analyses were performed in a limited number of patients who agreed to the MRI examination. Thus, the data obtained through comparison of the 3D MRI and OCT images might not apply to the rest of our highly myopic patients. Also, eyes with DSM were excluded from the analyses of scleral curvature.
Despite all of these limitations, we believe that our results obtained by swept-source OCT provide important information on the in situ shape of the sclera and the differences in the scleral curvature in highly myopic eyes. We conclude that swept-source OCT is a powerful tool to examine deeper tissues of the eye in situ, and use of this tool can provide information on how specific patterns of scleral curvatures could damage the macula and optic nerve, which can then lead to the visionthreatening complications in pathologic myopia.
